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Introduction
To describe the structure and organization of neuronal circuits, neuroscience increasingly makes use of 3D brain atlases. These provide a standardized space, often described as a template brain or standard brain, that enables direct comparison between different structures -from the morphology of individual neurons, to microcircuits and potentially whole connectomes -in the space of the brain as a whole. Furthermore, these approaches enables comparisons between different brains, such as the circuit geometry in a diseased state compared to that of a normal brain, or longitudinal studies of the same individuals.
Template brains and associated data have been generated for a wide variety of species. For example templates are available for insect brains, including the honeybee Apis mellifera (Brandt et al., 2005) , the moths Schistocerca gregaria (Kurylas et al., 2008) and Manduca sexta (El Jundi et al., 2009 ), the locust Heliothis virescens (Kvello et al., 2009) , and the flour beetle Tribolium castaneum (Dreyer et al., 2010) . Brain atlases are also available for many higher animals, including the zebrafish Danio rerio (Wullimann et al., 1996) , the mouse C57BL/6 (Lein et al., 2007) , the red junglefowl chick Gallus domesticus (Kuenzel and Masson, 1988) , and humans (Holmes et al., 1998; Rohlfing et al., 2010; Talairach and Tournoux, 1988) . Now large-scale projects are underway aiming for the "anatomical reconstruction of neural circuits at all scales" (BRAIN Working Group, 2014) . Therefore, robust and well-tested methods for generating and analyzing the anatomical data from brain atlases are required.
One vital approach in the construction and subsequent application of most modern brain atlases, is image registration, where images are transformed to match the structure of a canonical template brain. The importance of image registration is now well appreciated (Peng et al., 2011; Tomer et al., 2010) , with much effort being expended on improving registration methods in terms of speed and accuracy (Avants et al., 2008; Klein et al., 2010; Rueckert et al., 1999) .
Although most individual studies use just one template brain to which all data is registered, there
are typically multiple such templates in use within a given area of neuroscience; this can be due to experimental differences in data acquisition as well as historical or other non-scientific reasons.
5
Despite this, the practicalities of transforming data between different template brains has received comparatively little attention. Although it is possible to re-register data from one study against a different template brain, this can be difficult and very time consuming and generally results in some specimens failing to register adequately; furthermore the imaging modality may be different and not directly comparable. These are strong arguments of the construction of single bridging registrations to map data from one template brain to another without requiring the time-consuming re-registration of the original data.
One of the first examples of bridging in neuroanatomy is the that of Brett et al. (2001) , in which SPM99 was used to create an affine transformation between the Talairach and MNI templates of the human brain. This resulted in a registration that, while giving good alignment of the brain surfaces, had relatively poor alignment of internal structures due to the different shapes of the brain. Carmack et al. (2004) improved the alignment for deep brain areas via an alternative affine transformation at the cost of poorer surface alignment. As noted by the original authors, "no affine transformation exists that will satisfactorily improve Talairach and MNI brain agreement on a global level", suggesting that an alternative approach must be taken for best results. Lacadie et al. (2008) improved on previous attempts at bridging the Talairach and MNI atlases via the use of a non-linear registration, but only used the surfaces of the brains for alignment, leaving many deep brain misalignments relatively uncorrected. Other attempts have used piece-wise linear mappings, in which different brain substructures are subjected to independent affine transforms (e.g. the first Drosophila standard template brain, Rein et al., 2002) , but as the transformations are independent it is possible for two locations in the original brain to map to the same location in the reference brain.
Fully non-rigid 'warping' deformations can avoid this issue at the expense of increased computational cost. Here, a number of different methods are used to construct a deformation that better matches substructures of the two brains, with approaches including diffeomorphisms (Avants et al., 2008) , physical continuum models (Christensen et al., 1996) , optical flow (Lefébure and Cohen, 2001) and B-splines Rueckert et al., 1999) . With continuously increasing computational power, the time taken to compute warping registrations is rapidly decreasing and so non-rigid 6 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006353 doi: bioRxiv preprint first posted online Jun. 19, 2014;  warping registrations are becoming the de-facto standard for image registration across all disciplines (Peng et al., 2011 ).
Of all model organisms used in neuroscience, Drosophila melanogaster has by far the greatest wealth of 3D datasets publicly available, including GAL4 expression patterns (Jenett et al., 2012) , single neuron images (Chiang et al., 2011) , neuronal tracings (Grosjean et al., 2011; Jefferis et al., 2007; Kohl et al., 2013) , neuroblast clone images (Cachero et al., 2010; Ito et al., 2013; Yu et al., 2013) , and neuropil segmentations (Ito et al., 2014) . For each of these studies, data were registered against a template brain, typically one generated within the lab of the authors (detailed in Table 1 ).
While this enables the comparison of data within a dataset, the fact that each template brain is different means that data across studies cannot be directly compared, except 'by eye'.
We have created fully non-rigid bridging registrations that make it possible to transform data from one reference brain to another, bringing them into a common 3D coordinate space, along with mirroring registrations that take data from one side of a reference brain to the other. We provide numerous examples of the use of these bridging registrations, along with open source software that enables them to be applied simply and at scale to a variety of data. We have applied these approaches to all the large Drosophila datasets that are publicly available. In two of the largest cases, only raw unregistered data were available, so we began by registration to an appropriate template brain. This has allowed us to deposit over 20,000 co-registered images from different sources in the virtualflybrain.org project. Where the original authors permit this, we have made these registered data available for direct download; where this was not possible scripts for transformation and appropriate registrations are provided.
While we have developed our methods for Drosophila neuroanatomy, our approach generalizes to other species, providing powerful tools for combining future datasets within species. In addition, we show that it is possible to bridge data across species within the Drosophila genus. This enables us to describe the conservation of gross anatomical features in higher brain regions, including substantial sexual dimorphisms, and to co-locate other data such as single neurons and surface models with those data. 7 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
Construction of bridging registrations
Simply rescaling a sample image to match a reference brain will rarely provide usable results, due to differences in position and rotation ( Figure 1a ). An affine transformation can account for these differences, but does not account for differences in shape that may be of biological or experimental 8 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006353 doi: bioRxiv preprint first posted online Jun. 19, 2014;  origin. To correct for these, we use a full non-rigid warping deformation, as described previously (Jefferis et al., 2007; Rueckert et al., 1999) . Briefly, a regular lattice of control points is created in the reference brain and corresponding control points in the sample brain are moved around to specify the deformations required to take the sample data into the reference space. Deformations between control points are interpolated using B-splines, which define a smooth deformation of sample to reference. The use of a mutual information metric based on image intensity avoids the requirement for landmarks to be added to each image a time-consuming task that can often introduce significant inaccuracies. Our approach allows for the unsupervised registration of images and the independent nature of each registration allows the process to be parallelized across CPU cores.
By utilizing a high-performance computational cluster, we re-registered, with high accuracy, the entire FlyCircuit dataset within a day.
Given a bridging registration A → B, an attempt to produce the registration B → A can be made via numerical inversion of the original registration. This is a computationally intensive process, and is not guaranteed to be successful, but we find it to be useful for neuroanatomical work as the inaccuracies are set by numerical error, which is much smaller than registration error. As the registration A → B may be injective (i.e. points within brain A may map to a subset of the points within brain B), there may be some points in B, particularly near the boundaries of the brain, for which this inversion will not map them into A. To counter this we have, for some brains, constructed a new registration B → A by explicitly registering B onto A, rather than relying on numerical inversion.
Full details of the constructed bridging registrations and their directions are shown in Figure 2 .
Here, the arrows indicate the direction of the forwards transformation but, due to the ability to numerically invert the transformations, it is possible to travel 'backwards' along an arrow to transform in the opposite direction. While the inversion takes an appreciable time to calculate, the resulting errors are extremely small, far below the resolution of the original images, and only exist due to the finite precision with which the floating-point numbers are manipulated. By inverting and concatenating bridging registrations as appropriate, it is possible to transform data registered to any of the template brains to any of the other template brains. 9 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Construction of mirroring registrations
Whilst the Drosophila brain is highly symmetric it is not perfectly so and the physical handling of brains during dissection, staining and fixing can introduce further non-biological asymmetries. As such, a simple 180ř flip about the medio-lateral axis is insufficient to map a point from one brain hemisphere to the anatomically complementary point in the other hemisphere. To counter this, we have constructed non-rigid warping registrations for a number of template brains that introduce the small displacements required to fix the map from one hemisphere to the other.
After flipping, the brain will not be perfectly centered in the image and so it is first necessary to apply an affine registration to roughly match the flipped brain to the same location as the original An ideal mirroring registration would result in zero total displacement after two applications of the mirroring procedure, i.e. a point would be mapped back to exactly the same location in the original brain hemisphere. While not perfect, our constructed mirroring registrations have, on average, a round-trip displacement of less than a quarter of a micron i.e. about the diffraction limit resolution of an optical microscope and less than half of the sample spacing of the original confocal image ( Figure   4c ).
Mirroring examples
The Drosophila brain is highly laterally stereotyped, with only one asymmetric structure having been discovered so far (Jenett et al., 2012; Pascual et al., 2004) . Hence, for nearly all analyses it is desirable to choose a canonical brain hemisphere and standardise such that all neurons are mapped onto this 10 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006353 doi: bioRxiv preprint first posted online Jun. 19, 2014;  side. This facilitates the morphological comparison of two neurons that belong to the same cell class but are located on opposite sides of the brain.
Many neurons in the Drosophila brain are bilateral and have arborisations in the same regions of both hemispheres. Our mirroring registrations can be used to counter non-biological asymmetries, allowing the investigation of relevant similarities and differences in morphology between the two sides of the brain. Figure 5a shows a visual projection neuron with almost perfect bilateral symmetry along with OA-VUMa2 (Busch et al., 2009 ) and the CSD interneuron (Dacks et al., 2006) . This co-visualization facilitates the detection of differences in innervation that would be difficult to check without the mirrored counterpart, such as the higher density of innervation for the CSD interneuron in the lateral horn on the contralateral side compared to the ipsilateral lateral horn.
Our mirroring procedure does not introduce any systematic errors into neuron morphology. We have recently developed a sensitive neuron similarity algorithm, NBLAST, which we have used to calculate morphologically-determined similarity scores between DL2d projection neurons taken from the same side of the brain and compare them with those calculated between DL2d projection neurons taken from alternate sides of the brain (Figure 5b ) and do not find the distributions of scores (Figure 5c) to be significantly different (D = 0.025, p = 0.094, two-sample Kolmogorov-Smirnov test). Extending this, we have used these scores to classify neurons based on their bilateral symmetry. Figure 5d shows 12 example neurons, taken from the the bilateral subset of the FlyCircuit dataset, spanning the range of similarity scores from most asymmetric (A) to most bilaterally symmetric (L). Interestingly, the distribution of scores suggest that most bilateral neurons are reasonably symmetric.
In addition to classifying neurons based on their degree of bilateral symmetry, it is also possible to use the mirroring registrations to test the degree of symmetry for sections of neurons. We take segments of a neuron and use our similarity metric to compute a score between the segment and the corresponding segment in the mirrored version of the neuron. This allows differences in innervation and axonal path between the two hemispheres to be clearly seen (Figure 5e ).
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Bridging examples
A successful and accurate bridging registration will result in the neuropil stains of the two template brains being well co-localized (Figure 6a ). After visually inspecting the co-localized template brains to check for any obvious defects, we find it helpful to map the neuropil segmentation of Ito et al. (2014) into the space of the new brain to check for more subtle defects (Figure 6b) . If the registration passes these checks it can then be used to combine data from multiple datasets. The ability to bridge segmentations from one space to another is useful for checking innervation across datasets. While the single neurons of Chiang et al. (2011) were provided along with information on innervation density based on their own neuropil segmentation, this segmentation is not the same as the canonical one provided by Ito et al. (2014) . We have bridged the latter segmentation into FCWB space and recalculated innervation for all the FlyCircuit neurons, providing a more standardized measure (Figure 6g ).
In addition to image data, tracings of neurons can also be bridged as the registrations operate purely on 3D coordinates. We can use this, for example, to compare neurons from Chiang et al. 19, 2014; (2011) with those for which we have electrophysiological data (Kohl et al., 2013) 
Interspecies deformation-based morphometry
In addition to bridging between Drosophila melanogaster template brains, it is possible to construct bridging registrations that take data across species boundaries. A number of gross structural sexual dimorphisms have been found in melanogaster brains, corresponding to regions of sexually dimorphic neuronal morphology (Kohl et al., 2013; Yu et al., 2010) , especially via the use of deformation-based morphometry (Cachero et al., 2010 ) (see also Figure 7a -c). We hypothesized that these gross structural differences were selectively maintained during evolution. Features conserved across species would likely have broad functional significance, whilst species-specific changes may suggest an adaptive specialization. To test this hypothesis, we performed species-specific deformation-based morphometry to detect sexual dimorphisms within Drosophila species and bridged the detected male-enlarged regions into a common melanogaster template (Figure 7d-f) . This clearly showed male-enlarged regions in locations consistent between all species, as well as species-specific enlargements, identifying regions of interest for further targeted study of the underlying neural circuits and their relation to behavior.
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Discussion
We have constructed high quality registrations for the bridging of data from one template brain to another, along with registrations for mirroring data across brain hemispheres. The bridging and mirroring registrations are deposited in two version controlled repositories at http://github.com with revisions uniquely identified by the SHA-1 hash function. Since we use the distributed version control system, git, any user can clone a complete, versioned history of these repositories. We have also taken a repository snapshot at the time of the release of this paper on the publicly funded http://zenodo.org site, which associates the data with a permanent digital object identifiers (DOIs) (10.5281/zenodo.9972, 10.5281/zenodo.9973).
To simplify data access for colleagues, we have provided spatially calibrated template brains for the main template brains in use by the Drosophila community in a single standard format, NRRD. We have also generated registrations for the entire FlyCircuit single neuron and FlyLight datasets.
The registered images have been deposited at http://virtualflybrain.org. The registrations themselves are presently available from GSXEJ they will be made available in a publication data repository on acceptance of this manuscript. Finally, we have generated new whole-brain averaged female, male and intersexDrosophila virilis, yakuba and simulans template brains, all of which again have DOIs.
Finally we provide two R packages, nat and nat.flybrains, that contain easy-to-use functions for manipulating 3D data in and across the main Drosophila template brains. Collectively, these resources enable a user to manipulate and co-visualize single neuron images and tracings, GAL4 expression patterns, neuropil segmentations and brain surfaces. The complete software toolchain for the construction and application of registrations consists exclusively of open source code released under the GNU Public License and released on http://github.com and http://sourceforge.net. A full listing of these resources is available at http://jefferislab.org/si/bridging. All of these steps will 14 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Using these resources, it is now possible to combine more than 16,000 single neuron images (Chiang et al., 2011) , expression patterns of > 9,500 GAL4 lines (Jenett et al., 2012; Kvon et al., 2014) and a near complete set of adult neuroblast clone lineage data (Ito et al., 2013; Yu et al., 2013) . This enables direct co-visualization of single neuron, GAL4 expression and neuroblast lineages. Furthermore, our methodology and resources enable these (and future) data to be combined with the standard insect brain name nomenclature system (Ito et al., 2014) . For example we have calculated the overlap between single neurons in the FlyCircuit data, which were published in 2011, and the standard neuropil domains defined in 2014. We have deposited these overlap scores with virtualflybrain.org who have made the data available so that they can be queried online.
We have used the same methods described to create interspecies bridging registrations within the genus Drosophila and have shown, via bridging into the common space of melanogaster, that maleenlarged regions in melanogaster are also present in simulans and virilis, suggesting that these sexual dimorphisms have been conserved over more than 40 million years of evolution. Species-specific male enlargements are also shown, hinting at the neurological specialization driven by the species' differing environments.
Our results suggest that template brains constructed from an average of selected high-quality brains are superior to template brains consisting of only a single brain. We therefore recommend the use of averaged brains to reduce the effects of sample-to-sample variation. Furthermore, we have found that averaged intersex template brains can form high quality registration templates for both sexes. As the number of Drosophila resources increases so too will the number of template brains employed, resulting in a quadratic increase in the number of potential bridging registrations. To deal with this, we propose using a small number of template brains, particularly those that are already associated with the most data, as a hub. High quality bridging registrations would be created between new template brains and brains in the hub, ensuring that any template could be bridged to any other via appropriate concatenations and inversions of these high-quality registrations. By focusing effort on ensuring that the bridges to brains in the hub are of the highest accuracy, this ensures that the cu-15 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006353 doi: bioRxiv preprint first posted online Jun. 19, 2014;  mulative errors arising from the concatenation of successive registrations are minimal, giving a final registration of a higher quality than an unoptimized registration of one new template brain to another, in the same amount of time. At the present time the JFRC2 and FCWB brains are the most obvious hub brains. JFRC2 and FCWB use different counterstains, nc82 versus anti-Dlg. Although the existing bridging registration is very good it could undoubtedly be improved by generating a high quality multichannel template brain that incorporates the two counterstains.
The ability provided by these bridging registrations to combine single cell and GAL4 data will be important for developing future experiments in which control of single neurons is achieved at the genetic level. For example we have already implemented search tools that enable similarity queries of traced neurons from one dataset against another (Costa et al., 2014) . We envisage that it should soon be possible to identify GAL4 lines that may contain a given neuron. The near future will see generation of electron microscopy (EM) data for the whole adult fly brain. The interpretation of high resolution EM connectomic data will be speeded and enriched by light level data. This will require EM and optical data to be bridged into a common template space using similar methodology. In this way light level single neuron "projectomes" in animals such as Drosophila and zebrafish may help to open up synaptic resolution connectomes. While we have concentrated on applications in Drosophila neuroanatomy, due to the wealth of available data, our methods will be directly applicable to other model organisms, such as zebrafish and mice, as appropriate data are released.
Methods
Construction of averaged template brains
CMTK's avg_adm tool was used to iteratively produce new averaged seed brains given a set of template brains and an initial seed brain drawn from the set. In each round, template brains are registered to the seed brain and averaged to produce a new seed brain. After all rounds are complete, a final affine registration between the latest seed brain and a flipped version is calculated and then halved, resulting in a final brain that is centered in the middle of the image. The FCWB template was produced in this 16 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Construction of mirroring and bridging registrations
Full, non-rigid warping registrations were computed using the Computational Morphometry Toolkit (CMTK), as described previously (Jefferis et al., 2007 ). An initial rigid affine registration with twelve degrees of freedom (translation, rotation and scaling of each axis, Figure 1b ) was followed by a nonrigid registration that allows different brain regions to move somewhat independently, subject to a smoothness penalty (Rueckert et al., 1999) . In the non-rigid step, deformations between the independently moving control points are interpolated using B-splines, with image similarity being computed through the use of a normalized mutual information metric (Studholme et al., 1999) . The task of finding an accurate registration is treated as an optimization problem of the mutual information metric that, due to its complex nature, has many local optima in which the algorithm can become stuck.
To help avoid this, a constraint is imposed to ensure the deformation field is spatially smooth across the brain, as is biological reasonable. Full details of the parameters passed to the CMTK tools are provided in the 'settings' file that accompanies each registration.
The template brain provided by the FlyLight project (JFRC) is not spatially calibrated and so we added spatial calibration to a copy named JFRC2. Similarly, FlyCircuit images are registered to male and female template brains and so we created an intersex template brain from 17 female and 9 male brains to bring all FlyCircuit neurons into a common space, irrespective of sex. The IS2, Cell07 and T1 template brains were left unaltered.
As the neuropil and tract masks provided by the Insect Brain Name working group (Ito et al., 2014) only cover half a brain (IBN), we extended the IBN template brain into a new whole brain template (named IBNWB) to improve the quality of the bridging registration between the IBN files and the other whole brain templates. The green channel (n-syb-GFP) of the tricolour confocal data provided was taken, duplicated and flipped about the medio-lateral axis using Fiji (Schindelin et al., 2012) . The Fiji plugin 'Pairwise stitching' (Preibisch et al., 2009 ) was used to stitch the two stacks together with an offset of 392 pixels. This offset was chosen by eye as the one from the range of offsets 385400 17 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006353 doi: bioRxiv preprint first posted online Jun. 19, 2014;  pixels that produced the most anatomically correct result. The overlapping region's intensity was set using the 'linear blend' method. We attempted improving on this alignment using the Fourier phase correlation method that the plugin also implements, but this gave poor results the algorithm favoured overlapping the optic lobes, with a half central brain being present on each of the left and right sides.
As the template brain is synthesized from an affine transformation of the original IBN template, we only considered an affine bridging registration between IBN and IBNWB. The n-syb-GFP labelling used in the IBN template strongly labels a large collection of cell bodies close to the cortex, posterior of the superior lateral protocerebrum and lateral horn, that are not labelled by nc82 or Dlg and hence the warping registrations from IBNWB to the other whole brain templates are less accurate in this region.
To create mirroring registrations, images were first flipped horizontally in Fiji before being registered to the original template brains using CMTK. For convenience, we also encoded the horizontal flip as a CMTK-compatible affine transformation, meaning that the entire process of mirroring a sample image can be carried in single step with CMTK.
Application of registrations to images, traced neurons and surface data
CMTK provides two commands, reformatx and streamxform that will use a registration to reformat images and transform points, respectively. The R package nat (NeuroAnatomy Toolbox) wraps these commands and can use them to transform neuroanatomical data, stored as objects in the R session, between template brains. A 3D surface model of the neuropil segmentation of Ito et al. (2014) was generated from the labelled image stack, using Amira, read into R using nat, transformed into the different template brain spaces, via JFRC2, and saved as new 3D surfaces. These can then be used to segment neurons in their original space, providing interesting volumetric data for a neuron such as the relative density of neuropil innervation.
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We acquired 3D confocal images of the brains of four Drosophila species (melanogaster, simulans, virilis, and yakuba). Species were chosen on the basis of their evolutionary relationship, genomic sequence availability, and previous behavioural work . Drosophila stocks (obtained from N. Gompel, Institut de Biologie du Développement de Marseille-Luminy, France) were maintained at 25řC on a standard flour-agar-yeast medium with a 12 hour light-dark cycle.
Immunohistochemistry
Flies were dissected in cold (1 OE) phosphate buffer (PB) and fixed in 4 % formaldehyde fixative (400 l PB + 125 mM NaPO 4 [pH 7.2] + 100 l of 20 % formaldehyde [Electron Microscopy Sciences]) for 20 minutes, followed by two washes in PBT (phosphate buffered saline with 0.1 % triton). Nonspecific antibody binding was blocked by incubating the brains in PBT containing 5 % normal goat serum overnight at 4řC. nc82 staining presynaptic brunchpilot protein was used as a primary antibody (mouse monoclonal, 1:40) for 48 hours, followed by washing overnight, to obtain an outline of overall brain architecture. Alexa Fluor 568 (1:400) was used as a secondary antibody for 48 hours at 4řC.
After a thorough overnight wash, brains were equilibrated in Vectashield (40 l, overnight), mounted on slides and kept at 20řC.
Image acquisition
3D confocal image stacks (0.46 m OE 0.46 m OE 1.00 m; 768 px OE 768 px; 16-bit) were captured with a Zeiss 710 confocal microscope using an EC Plan-Neofluar 40 OE / 1.30 NA oil objective and zoom factor 0.6. As the whole brain would not fit in one field of view, two images were stitched together, left-right, using the 'Pairwise stitching' plugin (Preibisch et al., 2009) of Fiji (Schindelin et al., 2012) .
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Reference brain generation
Intersex template brains were constructed in the same manner as described in section 4.1. 14, 10, 11 and 5 brains were used to produce averaged female template brains for melanogaster, simulans, virilis and yakuba, respectively, while 18, 11, 10 and 5 brains were used to produce averaged male template brains.
Deformation-based morphometry
Individual male and female brains were registered to a species-specific intersex template brain, first using a 9-degree-of-freedom affine transformation, followed by a non-rigid warping registration with a 5 m OE 5 m OE 5 m control point lattice (Figure 7a ). After registration, the Jacobian determinant of the registration for each voxel of the reference brain was calculated and normalized ( Figure 7b) . We then performed an unpaired two-sample t-test on the logarithm of these values, categorized into male and female brains Cachero et al. (2010, Supplemental Information) (Figure 7c ). To correct for multiple testing, thresholds were determined by using the 95 th percentile of maximum t-values obtained with a permutation test (n = 1000) in which the sex of each brain was randomly assigned. This is preferable to methods such as Holm-Bonferroni correction which do not account for the correlation of neighbouring voxels. Due to the low number of sample brains for yakuba, the threshold obtained using a permutation test was greater than the highest t-value in the distribution in which the brains have the correct sex assignment and so we excluded yakuba from all further analysis.
Image analysis
Statistical image analysis was performed in R using a library of functions developed by the Jefferis group (https://github.com/jefferis/nat.as), wrapping CMTK commands. During image processing, Fiji (http://fiji.sc) was used to inspect images, Amira (http://www.vsg3d.
com/amira/) was used for 3D visualisation. peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006353 doi: bioRxiv preprint first posted online Jun. 19, 2014; The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006353 doi: bioRxiv preprint first posted online Jun. 19, 2014;  Figure 5: Sample applications of mirroring registrations (continued) hemisphere and across brain hemispheres. d Sequence of 12 example neurons (black) with mirrored counterparts (grey), having equally spaced similarity scores. Below, full distribution of scores for all neurons in FlyCircuit dataset. e Segment-by-segment measures of neuron similarity. Redder shades correspond to low degrees of symmetricity, bluer shades higher. Flipped version of neuron in gray.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/006353 doi: bioRxiv preprint first posted online Jun. 19, 2014;  Interspecies deformation-based morphometry a Male and female brains from each species non-rigidly registered to species-specific intersex template brain (melanogaster displayed). b Volume change of each voxel is noted via the use of the Jacobian determinant, J. c Jacobian determinants for female brains compared to those of male brains and used to calculate a t-statistic, in a voxelwise manner, displayed as a heatmap. Arrows show two prominent male-enlarged regions. d t-values thresholded and shown as isosurfaces within each species' intersex template brain. e t-values non-rigidly registered into common space of melanogaster intersex brain. f Isosurfaces of d in common space of melanogaster template brain. g Neuropil segmentation of Ito et al. (2014) bridged into each species' template space.
